Background. There are no reliable signs or symptoms that differentiate Mycoplasma pneumoniae (Mp) infection in communityacquired pneumonia (CAP) from other etiologies. Additionally, current diagnostic tests do not reliably distinguish between Mp infection and carriage. We previously determined that the measurement of Mp-specific immunoglobulin M antibody-secreting cells (ASCs) by enzyme-linked immunospot assay allowed for differentiation between infection and carriage. Using this new diagnostic test, we aimed to identify clinical and laboratory features associated with Mp infection.
blood immunoglobulin M (IgM) antibody-secreting cells (ASCs) by enzyme-linked immunospot (ELISpot) assay improves diagnosis of Mp infection in CAP [9] . This test differentiated between Mp infection and carriage. Using this dataset, we here aimed to identify clinical features and biomarkers associated with Mp CAP, in which infection may be more accurately identified with the measurement of Mp-specific IgM ASCs.
METHODS

Patients
Patients were enrolled between 1 May 2016 and 30 April 2017, at University Children's Hospital Zurich [9] . CAP was clinically defined as the presence of fever >38.5°C and tachypnea according to the British Thoracic Society (BTS) guidelines [2] . Eligible participants were inpatients or outpatients aged 3-18 years. CAP patients <3 years of age were excluded to reduce the probability of viral infection, as it is highest in this age group [10] [11] [12] [13] . Patients with hospital-acquired pneumonia, cystic fibrosis, or other chronic lung disorders (excluding asthma), or known primary or secondary immunodeficiencies, were excluded. The local ethics committee approved the protocol for this study (number 2016-00148). Written informed consent was obtained from all parents and children ≥14 years of age.
Specimen Collection and Diagnostic Testing
All enrolled patients were investigated for Mp in pharyngeal swab samples by specific real-time PCR [9, 14] . If additional consent was given, blood samples were collected for separation of peripheral blood mononuclear cells (PBMCs) and serum [9] . Serum was stored at −80°C. As detailed elsewhere [9] , only CAP patients were included in this study if fresh (isolated ≤4 hours) PBMCs were available to avoid poor ELISpot assay performance, and tested for the presence of Mp IgM ASCs. A CAP patient with a positive Mp IgM ASC ELISpot assay result was considered to have CAP caused by Mp (Mp positive). If Mp IgM ASCs were not detected, the patient was considered to have CAP caused by another etiology (Mp negative). We additionally investigated the frequency of Mp by PCR from pharyngeal swabs among household contacts available for sampling at presentation of index patients.
After study closure, pharyngeal swab samples kept at −80°C were additionally tested for Streptococcus pneumoniae (Sp) by real-time PCR [15] , knowing that detection of Sp in the URT is likely colonization and not infection [16] . In fact, coinfection with Sp and Mp is uncommon, whereas co-colonization may be more common [4, 12] . Another 23 viral and bacterial respiratory pathogens were tested using the ePlex respiratory pathogen panel (GenMark Diagnostics, Carlsbad, California), as previously described [17] . In addition, Mp serology was performed (Virion\Serion, Würzburg, Germany). The study test results were not available to treating clinicians.
Clinical Data
Demographic, epidemiological, and clinical data were systematically collected using a standardized questionnaire. Full recovery was assessed until 6 months after enrollment. Chest radiographs were ordered for clinical reasons and therefore were not available in 3 (5%) patients. Chest radiographs were assessed by a radiologist during routine clinical care. These radiological findings and the corresponding images were retrospectively reviewed by 2 of the authors, who were blinded to clinical information, using criteria for radiographic pneumonia [18, 19] .
Laboratory Data
Blood cell count and C-reactive protein (CRP) analysis was performed as part of routine clinical care. Procalcitonin (PCT) testing was performed retrospectively in a batched analysis and results were not available to treating physicians. PCT levels were measured using a sensitive assay with a detection limit of 0.007 ng/mL (B·R·A·H·M·S PCT sensitive KRYPTOR, Thermo-Scientific, Berlin, Germany) [20] .
Statistical Analysis
The nonparametric Mann-Whitney U test was used to compare continuous variables and the Fisher exact test to compare proportions between Mp-positive and Mp-negative groups. We calculated the area under the receiver operating characteristic (ROC) curve (AUC) of clinical features and biomarkers in differentiating between groups determined by Mp IgM ASC ELISpot assay (reference standard). We considered AUC ≥ 0.75 as adequate discrimination [21] . AUC differences were calculated using the DeLong test. Missing values were removed (ignored by roc.formula [22] ). The best biomarker threshold was defined as the optimal cutoff that maximized the distance to the identity (diagonal) line in the ROC curve according to Youden J statistic. All reported P values are 2-tailed with statistical significance defined as P value <.05. Data were analyzed using the R software environment, version 3.6.0 [22] .
RESULTS
Study Population
During the 12-month study period, 152 CAP patients were enrolled and Mp DNA was detected by PCR in 44 (29%) participants. Of the enrolled population, 63 (41%) CAP patients met the criteria of having fresh PBMCs available to undergo diagnostic testing with the Mp IgM ASC ELISpot assay and were included in this study. Of these, 29 (46%) were Mp-positive, determined by detection of Mp IgM ASCs. As detailed elsewhere [9] , all 29 Mp IgM ASC-positive patients were also Mp PCR positive and IgM positive. However, Mp PCR was also positive in 3 (5%) patients who were Mp IgM ASC and IgM negative, and Mp IgM was found in another 3 (5%) patients who were Mp IgM ASC and PCR negative. Chest radiographs were performed in 60 of 63 (95%) included CAP patients, whereof 59 (98%) met the criteria for radiographic pneumonia. was detected in the URT of 9 siblings (64%), 7 mothers (35%), and 1 father (8%). Most of them reported having RTI symptoms (59%), but 6 siblings and 1 mother were asymptomatic carriers. The duration of RTI symptoms and fever prior to CAP diagnosis was longer in Mp-positive (median, 9.0 [IQR, 6.0-10.0] days) than Mp-negative patients (4.0 [IQR, 3.0-7.0] days; P < .01). No other symptoms and signs were statistically different between groups. Mp-positive patients were no different than Mp-negative patients to have consolidation, interstitial infiltrates, or pleural effusion. Extrapulmonary manifestations were only observed in Mp-positive children with CAP (31% vs 0%; P < .01) and included dermatological and neurological disorders ( Table 1 ). After inclusion, 9 (31%) of Mp-positive patients were not treated with an antibiotic in vitro active against Mp.
Hospitalization rates and length of hospital stay were similar between the 2 groups. Detailed characteristics for hospitalized and ambulatory Mp-positive and Mp-negative patients are shown in Supplementary Tables 1 and 2 . Among hospitalized patients, Mp-positive patients were more likely to have oxygen demand, extrapulmonary manifestations, and poor outcome than Mp-negative patients. Sequelae were only observed 
Laboratory Findings
Hematological assessment together with PCT and CRP analysis for Mp-positive and Mp-negative CAP patients is shown in Table 2 . Mp-positive CAP patients had lower white blood cell (WBC) count, absolute neutrophil count (ANC), PCT, and CRP values than Mp-negative patients (Figure 1 ).
Detection of Pathogens
Differences in clinical features and biomarkers may be attributed to another pathogen causing a subset of infections.
Therefore, pharyngeal swab samples were tested in this study for other pathogens. Two or more pathogens were found in the URT of 20 (69%) Mp-positive and 13 (38%) Mp-negative patients ( Table 3) . Sp was equally detected in both cohorts in >60%. Exclusively found in Mp-negative patients was respiratory syncytial virus (RSV; n = 8 [24%]; P < .01), influenza virus (n = 2), parainfluenza virus (n = 2), and coronavirus (n = 1). No virus was statistically associated with Mp positivity. Rhinovirus, adenovirus, and bocavirus were equally detected in both cohorts. Thus, we also compared clinical features and biomarkers of Mp-positive patients against the following subgroups of Mpnegative patients (n = 34): first, positive for RSV (n = 8, as it is the only virus for which detection in the URT has a high predictive value for CAP etiology [16] ); second, positive for other Abbreviations: ANC, absolute neutrophil count; CAP, community-acquired pneumonia; CI, confidence interval; CRP, C-reactive protein; IQR, interquartile range; Mp, Mycoplasma pneumoniae; NA, not available; OR, odds ratio; PCT, procalcitonin; WBC, white blood cell. a Age-specific reference values for hematology were defined as previously described [46] . b According to the admission CRP/PCT ratio for risk of Mp infection in hospitalized adults with CAP by Neeser et al [24] .
viruses than RSV (n = 7, being aware that URT detection of other pathogens than RSV may not be related to pneumonia [3] ); and third, negative for viruses (n = 19, in which Sp was detected in 14 [74%] in the URT and additionally in 2 of 2 in pleural aspirate during routine clinical care). However, although numbers were again smaller for this subanalysis, Mp-positive CAP was also compared to subgroups of Mp-negative CAP statistically associated with older age, prolonged prodromal respiratory symptoms, and low levels of PCT ( Supplementary Figure  1 and Supplementary Table 3 ).
ROC Analysis and Performance Curves
ROC analysis was performed for clinical features and biomarkers that were associated with Mp-positive CAP. The ROC curves showed good discriminative ability (AUC ≥ 0.75) in differentiating groups for age (AUC = 0.77), duration of prodromal symptoms (AUC = 0.79), PCT (AUC = 0.81), and CRP (AUC = 0.76) (Figure 2A and 2B) . The best clinical threshold to discriminate Mp-positive from Mp-negative patients was age 5 years and prodromal fever and RTI symptom duration of 6 days ( Table 4 ). The optimal biomarker thresholds were 0.25 μg/L for PCT, 50 mg/L for CRP, 18 × 10 9 /L for WBC count, and 8 × 10 9 /L for ANC. For assessment of Mp-positive CAP, the positive likelihood ratios were highest for age >5 years ( Table 4 ).
DISCUSSION
We evaluated clinical features and biomarkers to diagnose Mp infection within a well-defined cohort of ambulatory and hospitalized children with CAP, in which Mp infection was diagnosed with the Mp IgM ASC ELISpot assay that allows for the differentiation between Mp infection and carriage [9] . Diagnosing Mp as the cause of CAP at an early stage is important to avoid ineffective first-line empirical β-lactam antibiotics and to evaluate targeted treatment against Mp in severe cases [2] .
Several scores, ratios, algorithms, and prediction rules have been reported to diagnose Mp infection on the basis of clinical features [5, 7, 23, 24] . However, previous studies found no reliable signs or symptoms to differentiate Mp infection in CAP from other etiology [5, 6] , potentially because Mp infection was misclassified as infection when it was carriage. We recently demonstrated that the Mp IgM ASC ELISpot assay differentiates Mp infection from carriage [9] : While Mp DNA and/or IgM were also detected in 48% and 29% healthy control children (n = 21), all were tested negative by the Mp IgM ASC ELISpot assay [9] . Notably, the high Mp detection rate in CAP patients (46%) in this study may be related to the inclusion age of 3-18 years, in which Mp is most frequently detected [1, 2] , and the coinciding Mp epidemic in Europe during the study period [25] [26] [27] [28] . Prevalence estimates are important for translation of diagnostic study findings into clinical practice. When taking the Bayes theorem into account, the posttest probability of disease presence will be higher given a higher pretest probability or prevalence [29] [30] [31] . For proper implementation of a new diagnostic test into clinical practice, it is therefore necessary that the test will be assessed in the context of all the other diagnostic information that is available at the time point of testing.
We were able to corroborate previous study findings in that Mp-positive CAP manifests predominantly in school-aged children >5 years [1, 12, 23] and children present with prodromal fever and respiratory symptoms of >6 days [1] , significantly longer compared with CAP caused by other etiology. Other symptoms and signs, as well as radiographic findings, did not differentiate Mp-positive from Mp-negative CAP [1, 5, 6] . [14] and Sp [15] , and for other bacterial and viral pathogens by the ePlex respiratory panel [17] Extrapulmonary manifestations, predominantly skin disorders, were statistically associated with Mp-positive CAP in this study. Its presence significantly increases the probability of underlying Mp infection [32] . This may be also true for the presence of RTI within families of Mp-positive CAP patients. Our observation of frequent RTI symptoms and Mp detection in members of those families supports previous data about Mp spread among persons in close contact and family transmission of Mp [33] [34] [35] [36] .
Mp infection is mild and self-limiting in most cases, and manifests predominantly in previously healthy children [5] . In our study, one-third of Mp-positive CAP patients were not treated with an antibiotic in vitro active against Mp, but all of these children fully recovered. The BTS guidelines advise that macrolide antibiotics may be added at any age in case of very severe disease or if there is no response to first-line empirical treatment [2] . Prior antibiotic treatment was associated with Mp CAP and included treatment with β-lactam antibiotics in most cases. This supports that in patients that do not respond to β-lactam antibiotics, Mp CAP should be considered [2, 7] . We did not find statistical differences in fever duration following CAP diagnosis, hospital length of stay, or recovery at follow-up between Mp-positive patients who did and did not receive antibiotics against Mp (data not shown). These findings support the need for future interventional studies assessing the effect of antibiotics for Mp CAP [1, 9, 37, 38] .
Our study demonstrated that in Mp-positive CAP biomarker levels of PCT, CRP, WBC count, and ANC were statistically lower compared with Mp-negative CAP. Despite limited numbers, this The threshold is the optimal cutoff that maximizes the distance to the identity (diagonal) line in the receiver operating characteristic curve in Figure 2 according to the Youden J statistic using the "coords" function in R software environment (version 3.6.0) [22] .
Abbreviations: ANC, absolute neutrophil count; AUC, area under the receiver operating characteristic curve; CI, confidence interval; CRP, C-reactive protein; LR, likelihood ratio; NA, not available; PCT, procalcitonin; RTI, respiratory tract infection; WBC, white blood cell.
was even true for PCT and CRP of Mp-positive CAP in comparison to viral CAP (RSV) as a subgroup of Mp-negative CAP. Similar trends have been observed in previous CAP studies for CRP, WBC count, and ANC [23, [39] [40] [41] [42] [43] , and recently for PCT with median levels from 0.05 to 0.19 μg/L in CAP considered to be caused by Mp [39] [40] [41] 44] . A study with conflicting results suggesting higher PCT levels associated with Mp may be hampered by diagnostics [45] . A PCT cutoff of <0.25 μg/L reached the best discriminatory power in differentiating Mp-positive from Mp-negative children with CAP, which is supported by previous studies [39] [40] [41] 44] . Only 1 Mp-positive patient had a PCT level of 0.55 μg/L and was above this cutoff.
Our study has several limitations. First, though sampling was performed in a relevant population of clinical CAP [9] , the study population is small and represents a convenience sample from an observational study, and we cannot rule out that unintended selection occurred. However, even though the sample size is small for prediction, the scope of this study was to describe risk factors for Mp infection. Second, mild cases may not have been referred to our tertiary center. Third, the study enrolled children from 3 to 18 years of age to reduce the probability of viral infection [9] . However, younger children with Mp infection may have, more likely, other RTIs than CAP [43] .
In conclusion, improved diagnostics helped to identify clinical features and biomarkers that may predict Mp CAP in children, such as age >5 years, no underlying disease, family with RTI, prior antibiotic treatment, prodromal respiratory symptoms and fever >6 days, as well as extrapulmonary (skin) manifestations. Biomarkers showed some differences between Mp-positive and Mp-negative patients in that Mp positivity was associated with low levels of CRP, WBC count, ANC, and PCT, particularly a PCT cutoff of <0.25 μg/L. However, the study size is small and even the best combinations of clinical features and biomarkers may not be reliable enough to be used as a diagnostic itself. Our data support that a combination of clinical features and biomarkers may help physicians in identifying patients at high risk for Mp CAP, which warrants further investigations in a larger cohort of children with Mp infection.
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